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@) QRIGINS -rom the community,
oy the community, and
for the community

;::fouj?y?; SRR e am/ Guest Observers.will use 'O.ST
Roadmap, the The OST Science and Technology to answer the mission-driving
community expressed Definition Team engages with and science questions and mz?\ke
interest in 3 “Far-IR represents the community and u.nexpec.ted, transformative
Surveyor” mission. directs the Decadal mission concept discoveries.

study.
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) ORIGINS
@) QRIGINS Study goal &

Deliver a scientifically compelling, executable mission concept to the 2020
Astrophysics Decadal Survey by June 2019.

NASA has a strong track record
when it comes to implementing

o 3 the large missions recommended
| 4

2001

Decadal
Survey P 2010

in past Decadal Surveys.

Webb ~ | Decadal
<. | Survey

ol WFIRST

= OST is one of four large missions

___ || Spitzer, SOFIA

, ina under study. The others are Lynx,
HabEx, and LUVOIR.

Hubble
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&) ORIGINS Top three themes @’

Space Telescope

(1) Are we alone? OST goal: OST will assess the habitability of nearby exoplanets and search for signs of life.

(I1) How did we get here? OST question: How do the conditions for habitability develop during the process of
planet formation?

(111) How does the Universe work? OST question: How do galaxies form stars, make metals, and grow their
central supermassive blackholes from reionization to today?

OST level-0 goals map to 2013 NASA Astrophysics Roadmap top-level goals
(1): Exo-Planets; (I1) Cosmic Origins; (l11) Cosmic Origins+Physics of Cosmos
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OST will assess the habitability’of nearby
exoﬂanéts and search for signs of life.

(03)

)

Carbon Dioxide
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|

ORIGINS

Space Telescope

Geometry of Transiting Exoplanets

* Primary Transits

* Phase=0&1
* Transmission spectrum

* Secondary Eclipses
* Phase=0.5
* Dayside emission spectrum

* Thermal Phase Curves

* Phase=0to1

* Phase-resolved emission
spectrum
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@) ORIGINS

Space Telescope

OST will assess the habitability of nearby exoplanets
and search for signs of life. @/

Science Objective 1: Characterize the atmospheres (clear or cloudy) of 10 habitable-zone (Teq < 400 K),
terrestrial (<1.6 REarth) exoplanets in spectral regions containing bio-indcators (CO2, H20), enabling a culling
of the sample down to 5 candidate life-bearing planets for followup.

Tier-1: Observations of 10 candidates, 4 transists

5200+ -
. Model transmission spectra for a
£ 5150 TRAPPIST-1e like planet with an Earth-like
= atmospheric composition with a dry
= stratosphere orbiting a Kmag=8 star. The
€ 5100 uncertainties assume 4 transits using OST
< MC2 and a noise floor of 5 ppm.

— AllGas — CO2 CH4 N20
5050 — H20 — 03 — CO 64 Transits —
4 5 s 7 8 9 10
A (pm)
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|

ORIGI

Space Telescope

NS

OST will assess the habitability of nearby exoplanets

and search for signs of life.

Science Objective 2: Constrain the temperature, Tsurf, at the apparent surface of 5 habitable zone
exoplanets with detected bioindicators, to be consistent (at >95% confidence) with liquid water.

1

1

F./F. [ppm]

10/3/18

T
— Model

50 —— Surface B.B. (2§4K) Il
— Tropopause B8, (220K)
16 Transits
00
50
() ——————
L 1 | L l 1
4 5 7 10 12 15 18 22
A(pm)

Model emission spectrum for a TRAPPIST-1e like
planet with an Earth-like atmospheric composition and
temperature profile orbiting a Kmag=8 star. The
uncertainties assume 16 eclipses using OST MC2 and a
noise floor of 5 ppm.

Surface Temperature Constraint

0.025

0.020

0.015

0.010

Normalized Probability [arb]

0.005

0.000

200

300 350 400 450
Surface Temperature [K]

Surface temperature constraint for the above scenario. The
red and blue vertical dashed lines indicate boiling and
freezing, respectively, and the black the input value. The
shading shows the 68, 95, and 99.7% confidence intervals

Tier-2: Observations of 5 candidates, 16 eclipses
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@ ORIGINS

Space Telescope

Thermal-IR Advantage

: | Near—lﬁfrared: B | Mlid-lnfrared :
10° [10000 K ' -
A " OST/MISC P
= 10¢ 5000 K i i
< 10°F ' . P
5 of ST Earth-like Planet !
- 107 F E
S [ ! ! ]
— 10*F | '
= 107} Visibl +000 ' ;
I ISIDle 1 ]
S 107} light L —500 K ‘
) 1[0 !
[ 10t} M8 Star l
0L 1
10° } \
-1 . : - ¥ IR 1
10
10°
Wavelength, um
e Planet-star contrast ratio always * Overall SNR falls off at >22 um

improves at longer wavelengths
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@ ORIGINS

Space Telescope

and search for signs of life.

OST will assess the habitability of nearby exoplanets

Science Objective 3: Confirm the presence of biosignatures at 3.6s (assuming an Earth-like
atmosphere), if they exist, in the atmospheres of the 4 highest-ranked temperate Earth-like

Tier-3: Observations of 4 candidates, 64 transists

Earth-Like Atmosphere (Dry Stratosphere), M8 Star, K=8

o

Time Needed to Detect CHy at 3.60
Time Needed to Detect Oy at 3.60
= Concept 1 (9.1m, 5 ppm)

Concept 2 (5.8m, 5 ppm)

Min. Aperture (5.3m, 5 ppm)

Primary Mirror Collecting Area (m?)

Number of in-transit hours needed to detect methane (solid
curve) and ozone (dotted curve) at 3.6 sigma confidence as a
function of telescope primary mirror size.

exoplanets.
Earth-Like (Dry Stratosphere) *
T T T T T 1 T T T o
5200+ — 801
70 4
€ ™
% 5150 8
= g%
o™ e
= g
e T w0
== 5100 =
E - = —ima N 20
— AllGas — CO2 CH4 N20 20 ]
5050 — H20 — 03 — CO I 4 64 Transits —
I | I N T B | I 1 10 41—
3 4 5 6 7 8 910 12 15 18 22 20
. A (utm) )
Model transmission spectra for'a TRAPPIST-1e¢ like
planet with an Earth-like stratospheric composition
orbiting a Kmag==8 star. The uncertainties assume 64
transits using OST MC2 and a noise floor of 5 ppm
10/3/18 Goddard - ASD colloquium

-

10



How do the conditions

for habitability
develop during the
process of planet
formation?




How do the conditions for habitability develop during the

@ ORIGINS process of planet formation?

Space Telescope
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! How do the conditions for habitability develop during the

" ’mt !‘
m process of planet formation?

@ ORIGINS

Space Telescope

Science Objective 1: Measure the water mass at all evolutionary stages and across the range of stellar mass
tracing water vapor and ice at all temperatures between 10 and 10,000 K.

The Water TraiI Pre-stellar core Protostar

From the interstellar medium
to habitable exoplanets

@ ORIGINS

24 Space Telescope

100,000 AU n 10,000 AU

Exoplanetary System Debris Disk Protoplanetary Disk
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@ ORIGINS

Space Telescope

How do the conditions for habitability develop during the
process of planet formation? @/

Science Objective 1: Measure the water content in all evolutionary stages and across the stellar mass range
tracing water vapor and ice at all temperatures between 10 and 10,000 K down to fundamental chemical limits.

10 7 10"
£ awsT - | -
7 Of @ OST will make the definitive statement on
] 4 o . o
: 10 o G I the disposition of water as stars and planets
R py)
§ ) | 3 Origins L 10° g are assembled.
o 3
5 g
c 0 | m
g 10 -3
_g:) 10 g
© -2 o
= 10 D
2
10" 107
Q*e;o° Q€ &
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@ ORIGINS

Space Telescope

process of planet formation?

How do the conditions for habitability develop during the @,

Science Objective 2: Determine the planet-forming disks gas mass from the mass of Neptune to 300 Jupiter
masses in over > 500 disk systems via HD J=1-0.

16 HD J=1-0 - 10°
T8 F10”

3.2- O | OST will be the only observatory capable of
= Model spectrum 10" 2 spectrally resolving the HD line with sensitivity
) Q . . .
= eroee o . B - enabling exploration of total mass and its
5 - etalon L N . . .

g 287 - 10 § distribution in disks out to 500 pc.
© ]
>< —
T L0
OST-0SS =
241 — . Q|
10
SPICA-SAFARI g
— — o
2.0 T . T — 1 10 *
112,04 112,06 112,08 112,10 &

Wavelength [micron]
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@ ORIGINS

Space Telescope

process of planet formation?

How do the conditions for habitability develop during the @,

Science Objective 3: Definitively determine the cometary contribution to Earth’s water by measuring the D/H
ratio with high precision (< 0.1 VSMOW?¥*) in over 200 comets in 5 years.

*Vienna Standard Mean Ocean Water — standard definition of isotropic composition of ocean water

400

1 hour integration of OSS with OST yielding a
5¢ detection of HDO at 128.8 um.

w
o
(=]

IIIIIIIIII

OST will detect and measure the D/H ratio
in water in over 200 comets with enough
precision to delineate the diversity in the
population for the first time.

D/H ~2 VSMOW

Number of comets in 5-years

F'lllllIII|IIllllllllllllllllllllllllIII-

200 D/H ~ 1 VSMOW
- D/H ~ 0.5 VSMOW
100
oC L sl L N
0.01 0.10 1.00 10.00 100.00

Maximum equivalent comet activity [10-22Q/A]

10/3/18 Goddard - ASD colloquium 16



How do galaxies
form stars, make
metals, and grow
their
supermassive
black holes from
reionization to
today?

. Size of- ,
- simulated field

. «

- COSMOS




DLO

@ ORIGINS

Space Telescope

OST beam

25 micrans




@ ORIGINS

Space Telescope

OST beam




@ ORIGINS

Space Telescope

OST beam




@ ORIGINS

Space Telescope

OST beam




@ ORIGINS

Space Telescope

OST beam




@ ORIGINS

Space Telescope

OST beam




@ ORIGINS

Space Telescope

OST beam
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Space Telescope

| How do galaxies form stars, make metals, and grow their central
supermassive blackholes from reionization to today? @/

Peak Epoch of Epoch of
Galaxy Evolution Reionization

e

M
\_\_'__/

Star Formétion \

’.’

Feedback

{
;
:
¥ | i
» X
]

AGN

wnJoadg Axejes
awel4-)say

e

Origins Space
Telescope

N
\
.
s

__________________._':J:':r..«\
™ -
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|

ORIGINS

Space Telescope

Science Objective 1: Measure the star formation and black hole accretion rates in galaxies since the

How do galaxies form stars, make metals, and grow their central
supermassive blackholes from reionization to today?

epoch of reionization, performing the first unbiased survey of the co-evolution of stars and
supermassive black holes over cosmic time.

10/3/18

a Lookback time {Gyr) 68 E
Yt , 0.8 E- GALEX+WISE|SS i
‘, « 0.7 E_ (Local Sample} e 5
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R . > = = ]
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; - & o 3
. ™~ HIF f - .
a < o 03F -
3 Ed Trrlw | g i F ]
= i 3 2 - : Cybulski et al. (2017; z=0)
S . 49 02 N o Whitaker et al. (2014)
g & i L w ® F- o 4 A Casey et al. (2014; DSFG)
- aF i w? - 4 0.5<z<1.0
L ‘ . i 1.0<z<1.5
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Figure caption: Dust-obscured star formation dominates over cosmic time (left, Madau &
Dickinson 2014), and even down to relatively low stellar masses (right, Whitaker et al. 2017).
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@ ORIGINS

Space Telescope

supermassive blackholes from reionization to today?

| How do galaxies form stars, make metals, and grow their central @/

Science Objective 1: Measure the star formation and black hole accretion rates in galaxies since the
epoch of reionization, performing the first unbiased survey of the co-evolution of stars and
supermassive black holes over cosmic time.

10°E AR : : B
£| e PAH,; (L;,,.=0.04/5 L) |\ : o o
Lo [Nell] (Ly,=7.7e-4 Lyg) |! ! . ° ]
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FU ; [ ] 1 ° [ ) ° E
Q C ° \ ° ° | @ ]
=) L | ]
- 10°, SR | .
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kS 2| | i |
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10/3/18 Goddard - ASD colloquium 27



How do galaxies form stars, make metals, and grow their central

@) QRIGINS supermassive blackholes from reionization to today?

Space Telescope

Science Objective 1: Measure the star formation and black hole accretion rates in galaxies since the
epoch of reionization, performing the first unbiased survey of the co-evolution of stars and
supermassive black holes over cosmic time.

_ } 10— T g
E 3 E| o PAH,, (L;,:=0.04/5 L) |\ 1 . 9
= E C| o [Nell] (Ly,=7.7e-4 Lyg) |! Lo, e ]
r ] g 10° L S Cumledl ) . 4
100.0 = - 8 E i . . i 3
E 4 8 4 [ ; | ]
’;;. C N "8 10 ? ° i . ° ° ° E
= [ 7 Q E | ° © | © 3
2 lo0- - £ f N | ]
=) & E N 10 Ee ' Wide 0SS E
a4 = - N £ i i 7
@ r : 5 o ; ]
10= - = 107 e ° ¢ . | E
: - R : . : :
E ] g F 1 ‘ ]
L i E 10' = ' Deep OSS . -
01 ? | | | | 7; E : : E
107 108 10° 10% 10" 10° L, S L L ; ]

Stellar mass (Msun) 0.1 1.0 100 100.0 1000.0

Area (square degree)
Galaxy main sequence at z=1.5-2 from the OSS deep survey.

Colors denote which galaxies will be detected in PAHs (red),

bright FS lines (green), and fainter FS lines (blue). OST will th"j‘ number of redshifts and SFR measuren‘_lents atz>5
measure SFRs for all galaxies in this plot, metallicities for (wide survey) and the number of sources with accurate SFR

galaxies above 10"9Msun and black hole accretion rates for and BH accretion rate measurements at z=3 (deep survey)

every galaxy above 10410 Msun!
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@ ORIGINS

Space Telescope

How do galaxies form stars, make metals, and grow their central
supermassive blackholes from reionization to today? @/

Science Objective 2: Measure the metal content of galaxies as a function of cosmic time, tracing
the rise of heavy elements, dust and organic molecules across redshift, morphology and environment.

: B o
10| " cLOUDY SB9Y models =100 E
4 Starburst galaxies = 8 =
" 4 Dwarf galaxies = °®
| —~
Sl + o)
5E 2o R
Z |3, o ds ., v o, Starburst
e m+ . + 104 @ logu=-40 =
2le | $ &# . S f| © logU=-3.0 ]
= > * *f‘ * . = O logU=-20 RN
Cl A : ) AGN
= * > B logU=-3.0
+ Al B logU=-2.0 8
« @ logU=-1.6
f ! 1 P S N W | L 1 o0l
0.1 1 0.1 1.0
Heavy Element Abundance (z/Z) ZooslZ:,

Fig. 3: Infrared metallicity line diagnostic diagrams for the bright MIR (left) and FIR(right) emission lines (Fernandez-Ontiveros et al. 2016;
Pereira-Santaella et al. 2017).
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@ ORIGINS

Space Telescope

supermassive blackholes from reionization to today?

How do galaxies form stars, make metals, and grow their central @/

Science Objective 2: Measure the metal content of galaxies as a function of cosmic time, tracing
the rise of heavy elements, dust and organic molecules across redshift, morphology and environment.

l=zz<?2 2=z<3 3=zz<4

10.09 151868 Detect 90407 Detected 1 54780 Detected
9.5 A
9.0 A
8.51]
8.0 A
4=z<5 522z2<6 6=2z<7
10.09 19481 Detected 1 5947 Detected 1 1559 Detected

12 + log[O/H]

7=z<38 8=z<9

10.01 211 Detected 1 17 Detected
9.5 A

. ¢ All Galaxies
9.0 X Detected in

S Y NIl 57 & [Olll] 52
8.5 A Do
8.0 1
107 10% 10° 10% 107 108 10° 10%0

10/3/18 Stellar Mass (M) v



@ ORIGINS

Space Telescope

| How do galaxies form stars, make metals, and grow their central
supermassive blackholes from reionization to today? @

Science Objective 2: Measure the metal content of galaxies as a function of cosmic time, tracing
the rise of heavy elements, dust and organic molecules across redshift, morphology and environment.

MISC & OSS: Deep Survey, Survey time = 1000 hours

. 1248159 1278923 1349611 - All galaxies
) 106 4 706039 | | 601214 MISC - [Nell] 13
0 237708 0SS - [Nell] 13
= 105 1 | 114308
S 43639
o
g 104 5
o 4752
<Q
(gl
E 103 4 645
3
£
= 102 5

101 1 T 1 T T
10/3/18 0 2 4 6 8 10 31
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| How do galaxies form stars, make metals, and grow their central
supermassive blackholes from reionization to today?

@) ORIGINS

Space Telescope

Science Objective 3: Determine how energetic feedback from AGN and supernovae regulate galaxy
growth, quench star formation, and drive galactic ecosystems, by measuring galactic outflows as a
function of SFR, AGN luminosity and redshift over the past 10 Gyr.

Predicted:
Gravity +
Chemistry +
Dense Gas->Stars

Observed

10° 1012

Galaxy Stellar Mass [Mgyn|



@ ORIGINS

Space Telescope

| How do galaxies form stars, make metals, and grow their central
supermassive blackholes from reionization to today? @

Science Objective 3: Determine how energetic feedback from AGN and supernovae regulate galaxy
growth, quench star formation, and drive galactic ecosystems, by measuring galactic outflows as a
function of SFR, AGN luminosity and redshift over the past 10 Gyr.

Velocity (km/s)
-3000.0 -2000.0 -1000.0 0.0
Sttt

1000.0~ 2000.0  3000.0  4000.0
—r T T T T T T 1T

> = 2.0
z=3.0
z=4.0

THIR0 1185 1190 1195 1200 1205 1210
10/3/18 RGSt Wavelength (um)



&) ORIGINS Science Summary @’

Space Telescope

(1) Are we alone? OST goal: OST will assess the habitability of nearby exoplanets and search for signs of life.

(I1) How did we get here? OST question: How do the conditions for habitability develop during the process of
planet formation?

(111) How does the Universe work? OST question: How do galaxies form stars, make metals, and grow their
central supermassive blackholes from reionization to today?
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@ ORIGINS

Space Telescope

Backup
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@ ORIGINS

Space Telescope

Science Overlap: OST vs JWST

Transmission Spectrum

5350
¢ OST MISC

¢ JWST MIRI/LRS
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—
[=3
=
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N,O

200
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Planet-to-star flux ratio (ppm)
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ORIGINS

Space Telescope

Why Transiting Exoplan

* Precisely determined masses
and radii
* Masses from RV instruments
(more later)
* Stellar (and planetary) radii to ~5%
with GAIA o’
* Bulk densities for planetary ]

classification before atmospheric
characterization

* Target rocky planets known to
have volatile-rich atmospheres

10/3/18

ets?

1.3 ————

L S T
* A
S Lo et e
A > < Tt
S L, Z ) e e
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s A N .
J
/
;S
s
1.1 S5
/S // /
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! ~
/ S /
£ 15 ’
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/'I:': Earth [0 Trappist-1c
'.:_: [ Trappist-1d
§ N Trappist-1e
IS Trappist-1f
0.9 BN Trappist-1g L.
B Trappist-1th . *

----.Fe/Mg=0.75, Mg/Si=1.02, m . /M=0.50
.+ + e F&/Mg=0.75, Mg/Si=1.02, M, ate/M=0.35
- - Fe/Mg=0.75, Mg/Si=1.02, m___/M=0.15

water

—— Fe/Mg=0.75, Mg/Si=1.02, m_ . /M=0.05

=-=- Fe/Mg=0.0 , Mg/Si=1.02

-------- Fe/Mg=0.50, Mg/Si=1.02 1

= = Fe/Mg=0.75, Mg/Si=1.02 (suggested by U17)

—— Fe/Mg=0.83, Mg/Si=1.02 (solar abundance) -
+ pure Fe

....... " " L 1 " " " 1

0.8 1 1.2
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@) ORIGINS

Space Telescope

Why M Dwarfs?

* M dwarfs are
* 75% of stars within 15 pc are M dwarf

* Rocky planets are

* Expect to detect about a dozen HZ
exoplanets transiting mid-to-late M
dwarfs within 15 pc

* Four such planets are already known
(TRAPPIST-1d,e,f and LHS-1140b)

» Advantages of small (rocky) planets
transiting M dwarf stars

ard - ASD colloquium




@ ORIGINS

Space Telescope

Predicted Yields

e TESS is not ideal for late M dwarfs
* SPECULOOS will observe ~1200 M7-L3

* Delrez+ (2018) estimate 14+5 HZ planets
* 1-3 systems within 10 pc (brighter than TRAPPIST-

1)
' S SPECUL00S
* MEarth+TESS+SPECULOQOS+Others will yield FOS : ST LENCORE NEGESSARE D
Zdozen temperate terrestrial planets around G (BSCUTCROUAT ET INOUEEST
mid/late M dwarfs within 15 pc ENTIER,

Planet mass (Mg) N (0.81,0.342)

Planet density (pg) N(0.79,0.122)
Planets 42 £ 10
Systems 22+ 5

10/3/18 Temperate cpl@QGAtsg colloquium 14+£5
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@ ORIGINS

Space Telescope

Science Objectives

* Tier 3: OST shall detect
an Earth-like atmosphere, for t
exhibit indicators of habitabilit

ing

* Tier 2: OST shall obtain
planets that exhibit spectral m

confidence) with

e Tier 1: OST shall obtain | -16
terrestrial (R<1.6 Rg,+), habitall
transiting nearby M dwarf star
atmosphere, detect

10/3/18 God ~ WED019 40



